Isoodon fusciventer (quenda) scat as a mycorrhizal inoculant and its effects on Eucalyptus gomphocephala (tuart) seedlings by Smith, Monique
i 
 
Isoodon fusciventer (quenda) scat as a 
mycorrhizal inoculant and its effects on 












The thesis is submitted in fulfilment of the requirements 





School of Veterinary and Life Sciences 




I declare that this thesis is my own account of my research and contains as its main content 
work which has not previously been submitted for a degree at any tertiary education 
institution. 
Monique Stafford Smith 
iii 
Abstract 
Tree declines, characterised by deteriorating tree health and increasing mortality, are a global 
trend with widespread consequences for the ecosystems involved. The tuart (Eucalyptus 
gomphocephala) is endemic to a narrow strip of coastline in south west Western Australia and 
is one of many Australian trees to have undergone a decline since European colonisation. 
Tuarts undergoing decline have fewer mycorrhizal associations than healthy tuarts. 
Mycorrhizal fungi associate with tree roots, improving water and nutrient uptake as well as 
offering some protection from root pathogens - all of which are factors associated with tuart 
decline. This study aimed to determine which source of mycorrhizal spores would be most 
effective at introducing mycorrhizal associations to tuart seedlings, and how the associations 
impact tuart health and growth. Three spore sources were used: ectomycorrhizal sporocarps, a 
commercially available product containing arbuscular mycorrhizae spores, and the scats of an 
opportunistic fungi-feeder - the quenda (Isoodon fusciventer). Tuart seeds were planted with 
inoculants containing all three spore sources, two of which had been autoclaved to kill spores. 
Thus each treatment only received active spores from one source. They were compared to two 
control treatments: one that received no inoculant (‘contaminant control’), and another that 
received an inoculant where all three spore sources had been autoclaved (‘nutrient control’). 
The treatment with live quenda scat spores had significantly more seedlings with 
ectomycorrhizal and arbuscular mycorrhizal colonisations than any other treatment/control. 
Neither the sporocarp or commercial treatment differed from the two controls in terms of 
seedling colonisation. The quenda scat treatment also exhibited less stress and fewer foliar 
symptoms of nitrogen deficiency, in a glasshouse environment. Finally, the scat treatment had 
smaller biomass and height compared to the nutrient control, although it still out performed 
the contaminant control in these measures. This study demonstrates that inoculation with 
quenda scats can successfully introduce ectomycorrhizal and arbuscular mycorrhizal 
associations to tuart seedlings. Increased mycorrhizal colonisations can result in traits, such as 
iv 
increased nutrient absorption, that are desirable for tuarts intended for restoration plantings. 
Further research is needed on the long-term growth and health of scat-inoculated tuart 
seedlings in the field. 
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Chapter 1 General Introduction 
1.1 Mycorrhizae 
Mycorrhizae are a group of fungi that form associations with the roots of most vascular plants 
(Brundrett et al., 1996). They are thought to enhance their hosts water/nutrient acquisition, 
and therefore contribute to plant growth, resilience and survival under challenging 
environmental conditions. Due to the weathered, nutrient-poor soils that characterise 
Australian ecosystems, the majority of the continent's native plants associate with mycorrhizae 
(Claridge, 2002, Fleming et al., 2014). 
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Mycorrhizal fungi are divided into two groups based on the structures they form when 
associated with a host. Ectomycorrhizae (ECM) form a mantle around the outer layers of their 
hosts fine root tips, without penetrating the inner cells (Brundrett et al., 1996, Claridge and 
May, 1994). This group consists of two fungal phyla: Basidiomycetes and Ascomycetes 
(Bougher and Lebel, 2001). In contrast, species of endomycorrhizae will penetrate the root 
cortex cells of their host (Brundrett et al., 1996, Claridge and May, 1994). This second group is 
further divided into three sub groups (only the first of which will be discussed in this paper): 
arbuscular mycorrhizae (AM), ericaceous mycorrhizae and orchidaceous mycorrhizae (Claridge 
and May, 1994). Arbuscular mycorrhizal fungi (also referred to as vesicular-arbuscular 
mycorrhizae or VAM) belong to a single phylum: Glomeromycota (Brundrett et al., 1996, 
Helgason and Fitter, 2009). Generally, neither ECM or AM fungi are particularly host-specific 
(Claridge and May, 1994, Varma, 2008), and both groups tend to have an obligatory 
dependence on plants (Table 1.1)(Brundrett and Tedersoo, 2018, Varma, 2008). Approximately 
71% of the world’s vascular plants form associations with AM fungi, while 2% associate with 
ECM fungi and 8% are completely non-mycorrhizal (Brundrett and Tedersoo, 2018). The 
remaining plant species associate with either orchid (10%) or ericoid mycorrhizae (1.4%), or 
are inconsistently AM/non-mycorrhizal (7%) (Brundrett and Tedersoo, 2018).  
Table 1.1: Characteristics of principal mycorrhizal types - modified from (Brundrett and Tedersoo, 2018)  
Trait Arbuscular mycorrhizae (AM) Ectomycorrhizae (ECM) 
Morphological characters 
Arbuscules present; vesicles may 
be present; colonisation from root 
surface mycelia or from 
neighbouring cells 
Hartig net present; differentiated 
hyphal mantle present; no 
intracellular colonisation 
Dependence on plant host Obligatory (usually) Obligatory (usually) 
Benefits supplied to plants 
Nutrition (mineralized nutrients), 
limited protection 
Nutrition (mineralized, simple 
organic nutrients), protection 
Benefits to fungi 
Carbon energy, habitat, deep water 
from trees 
Carbon energy, deep water from 
trees 
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1.1.1 Mycorrhizal dispersal methods 
ECM fungi reproduce sexually via fruiting bodies, called sporocarps, which house their spores 
(Brundrett et al., 1996, Johnson, 1996). The manner in which these spores are then dispersed 
depends on the structure of the fruiting body. Epigeal species produce above-ground fruiting 
structures where spore-bearing tissues are exposed to the air at maturity, examples of these 
structures include mushrooms and puffballs (Johnson, 1996). The spores from these fruiting 
bodies can be dispersed by wind currents (Johnson, 1996). Hypogeal and sub-hypogeal species 
have below-ground fruiting bodies e.g. truffles and false-truffles (Bougher and Lebel, 2001, 
Johnson, 1996). These structures can range in depth, from being partially covered by soil or 
leaf litter, to being buried up to 500 mm below the surface. Although water can move spores 
short distances from fruiting bodies, these species mainly rely on fungus-eating (mycophagous) 
animals, often mammals, to liberate their spores (Brundrett et al., 1996, Claridge and May, 
1994, Johnson, 1996). The animal may either expose the spore-bearing tissue to the air, carry 
spores that become temporarily adhered to their bodies, or ingest the spores and pass them in 
their scats (Johnson, 1996, Reddell et al., 1997). Mycophagous animals also play a role in the 
dispersal of epigeal fungi by eating accessible sporocarps (Claridge, 2002, Johnson, 1996). 
Once spores have come to rest, they can be transported down through soil layers toward plant 
roots by precipitation (Claridge, 2002). 
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Arbuscular mycorrhizae reproduce asexually without producing any kind of fruiting structure 
(Stukenbrock and Rosendahl, 2005). Instead, reproduction occurs by hyphal fragmentation, or 
through the production of asexual clamydospores (Camargo-Ricalde, 2002). Arbuscular 
mycorrhizae species still maintain a high level of genetic diversity, as a single hyphal fragment 
or chlamydospore can contain hundreds of genetically distinct nuclei (heterokaryon) as a result 
of gene turnover, hyphal fusion, and/or molecular drive (Camargo-Ricalde, 2002). Small or 
large-scale disturbance can create conditions conducive to AM dispersal, which can occur 
through root-to-root contact, erosion, and animal transport (Camargo-Ricalde, 2002). Animal 
transportation occurs in a similar manner as it does with ECM fungi, as despite their lack of 
edible sporocarps, AM fungi spores have also been found in the scats of mycophageous 
mammal (Reddell et al., 1997). It has been suggested that this ingestion of AM spores occurs 
incidentally, during the animal's usual ground-foraging activity (Reddell et al., 1997).  
1.1.2 Impact of urbanisation and disturbance on 
mycorrhizae 
Soil disturbance of any kind can alter fungal populations, including those already associated 
with plant roots (Giovannetti and Gianinazzi-Pearson, 1994). Fire and logging are examples of 
disturbance that have been found to alter fungal communities (Claridge, 2002), although some 
Australian species of mycorrhizae are thought to have fruiting bodies durable enough to 
survive such events (Claridge, 2002). Fire has even been shown to stimulate sporocarp 
production in some species of ectomycorrhizae (Johnson, 1995). 
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Urban environments generally have reduced mycorrhizal diversity in comparison to 
natural/rural areas (Bainard et al., 2011, Fini et al., 2011). Suggested reasons for this include 
top-soil disturbance, reduced availability of host species (as a result of reduced vegetation or 
the introduction of non-native plants), and modified soils (in terms of pollutants, nutrient 
content and pH) (Bainard et al., 2011, Cousins et al., 2003). Agricultural and mining sites have 
also been associated with decreased mycorrhizal species richness (Cousins et al., 2003). 
1.1.3 Mycorrhizae in Australia  
The tropical rainforests in Australia's north are dominated by AM trees, while ECM fungi are 
the predominant symbionts for the trees that form the drier sclerophyll woodlands 
characteristic of south-west Australia (Orians and Milewski, 2007, Vernes and Dunn, 2009). 
Both of the ECM divisions have been identified as present in Australia, but beyond this little 
has been recently documented about the groups of mycorrhizae present on this continent 
(Claridge, 2002). However, it does appear that Australian mycorrhizal species diversity is 
greater than that seen in North America or Europe (Brundrett and Tedersoo, 2018, Claridge, 
2002).  
1.1.3.1 Mycorrhizae in eucalypt woodlands 
Eucalypts, like many other Australian trees and shrubs, can form associations with both ECM 
and AM fungi (Brundrett et al., 1996), although some sources claim that eucalypts only have 
AM associations either as seedlings, or when living in extreme habitats (Brundrett and 
Tedersoo, 2018). Arbuscular mycorrhizal fungi have been found on the roots of adult members 
of Eucalyptus species, but in these instances ECM fungi tend to be present in greater 
proportions (Adams et al., 2006). A number of ECM fungi species have been found in Western 
Australia's eucalypt woodlands (Table 1.2). 
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Table 1.2: Incomplete list of known ECM fungi found in eucalypt woodlands in Western Australia. 
Information from Brundrett (2008) and W Dunstan (2016, unpublished data)  
Family or group Genus Species Form 
Basidiomycetes 
Tricholomataceae Tricholoma sp. Mushroom with gills  
Entolomataceae Entoloma moongum Mushroom with gills  
Amanitaceae Amanita carneiphylla  Mushroom with gills  
  sp. Mushroom with gills  
 Torrendia grandis truffle-like (semi-hypogeous) 
 Ammarendia oleosa truffle-like (semi-hypogeous) 
Hydangiaceae Laccaria sp. Mushroom with gills 
 Hydnangium carneum Truffle (hypogeous) 
Cortinariaceae Cortinarius archeri  Mushroom with gills 
 Descomyces spp.*  
Bolbitiaceae Descolea sp. Mushroom with gills, and 
truffles 
Inocybaceae Inocybe violaceocaulis Mushroom with gills 
Boletales Austroboletus  lacunosus Mushroom with pores 
 Austropaxillus sp. Mushroom with gills 
 Calostoma rodwayi  Stalked puffball (gasteroid) 
 Pisolithus sp. Puffball (gasteroid)  
 Austrogautieria  manjimupana  Truffle 
Russulaceae Lactarius eucalypti Mushroom with gills 
 Russula  persanguinea  Mushroom with gills 
 Zelleromyces sp. Truffle (hypogeous) 
 Cystangium  sessile  Truffle (hypogeous) 
 Gymnomyces sp.*  
Gomphales Ramaria  ochraceosalmonicolor  Coral fungus 
  versatilis  Coral fungus 
 Hydnum repandum sp. Tooth fungus (mushroom-like)  
 Phellodon sp.  Tooth fungus (mushroom-like)  
 Hysterangium sp.  Truffle (hypogeous) 
 Mesophellia brevispora Truffle (hypogeous) 
Stephanosporaceae 
(syn: Lindtneriaceae) 
Stephanospora sp.*  
Mesophelliaceae Gummiglobus sp.*  
Hysterangiaceae Hysterangium  sp.*  
Cantarelloid clade Cantharellus  sp. Chanterelle (mushroom-like)  
Thelephoraceae Tomentella  sp. Crust fungus (resupinate)  
Ascomycetes 
Pezizales  Labyrinthomyces  sp.  Truffle (hypogeous) 
Pezizaceae Ruhlandiella reticulata*  
Tuberaceae Dingleya sp.*  
Melanommatales  Cenococcum sp.**  
*Collected from Marlee Reserve (Parklands, Western Australia), July 2016 by research group 
**Found in a Eucalyptus globulus plantation, rather than a natural environment. 
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1.1.4 Effects of mycorrhizal colonisation on plant hosts 
Mycorrhizae form associations with plants in order to gain access to carbohydrates that their 
host plants produce through photosynthesis (photosynthates) (Varma, 2008). It has been 
shown that mycorrhizae can secure up to 20% of the photosynthates produced by their host 
(Wang et al., 2017). The cost, in terms of host energy/photosynthates, varies depending on the 
number of associations and the fungal species present, but in general, it is more energy-
expensive for plants to form associations with ECM than with AM fungi (Orians and Milewski, 
2007). 
Mycorrhizae were initially thought of as mutualists, providing enhanced nutrient uptake to 
their hosts in exchange for photosynthates (Brundrett et al., 1996, Jones and Smith, 2004). 
However, the relationship between mycorrhizae and their plant hosts has recently been shown 
to be more complex (Jones and Smith, 2004). Different species of fungi, depending on their 
host plant and the surrounding environmental conditions, can vary in the nature of their 
association, ranging from mutualistic to parasitic (Jones and Smith, 2004, Linderman and 
Pfleger, 1994). Generally, however, mycorrhizal associations are still thought to improve the 
overall growth and health of their plant hosts (Linderman and Pfleger, 1994). 
Mycorrhizae have been shown to benefit their plant hosts in a number of ways (Varma, 2008). 
However, many of these effects are not consistent, in that they are only seen with select 
species of mycorrhizae and/or particular plant host species and/or under certain 
environmental conditions (Claridge, 2002, Jones and Smith, 2004). Conversely, some research 
has also identified scenarios where mycorrhizal colonisation has somehow been 
disadvantageous to the host (Augé et al., 2016, Jones and Smith, 2004).   
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Table 1.3 lists some of the ways mycorrhizae are thought to impact their hosts, and a selection 
of sources that reported such findings. In general, the effect of increased water and nutrient 
uptake seems to be fairly consistent for both AM and ECM fungi (Varma, 2008). This is thought 
to be a result of the fine mycorrhizal hyphae that can extend metres into the soil from the 
host’s roots, increasing the surface area available for water and nutrient absorption as well as 
facilitating absorption beyond the nutrient depletion zone (Varma, 2008, Wang et al., 2017). 
Finally, in addition to their host-specific benefits, mycorrhizal communities are also attributed 
to having broader ecosystem roles, including nutrient cycling, maintaining vegetation 
assemblages, and generally promoting ecosystem health (Camargo-Ricalde, 2002, Claridge, 
2002, Fleming et al., 2014, Ishaq et al., 2018, Varma, 2008). 
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Table 1.3: Effects of mycorrhizal colonisation on their plant hosts, with key sources listed. 




Varma (2008), Wang et al. (2017), 
Linderman and Pfleger (1994), Chen 
et al. (2000) - noted effects vary 
between host sp. and  AM and ECM 
associations. 
Jones and Smith (2004) - mixed 
results, Fini et al. (2011) - found no 
increase, Bougher et al. (1990) - 
mixed results, So et al. (2011) - found 




Varma (2008), Claridge (2002) - 
particularly N & P, Johnson (1996), 
Bougher et al. (1990), Linderman and 
Pfleger (1994). 
Jones and Smith (2004) - mixed 
results, (Adjoud et al., 1996). 
Water stress 
tolerance 
Varma (2008), Claridge (2002) - ECM 
only, Fini et al. (2011), Hu et al. 
(2017). 
None found. 
Soil toxicity tolerance 
Claridge (2002) - ECM only, Jones 
and Smith (2004), Linderman and 





Claridge and May (1994).  
Jones and Smith (2004) - some 
mycorrhizal species offer protection, 
others have no effect. 
Seedling survival Jones and Smith (2004) None found. 
Photosynthetic rate 
Jones and Smith (2004)*, Augé et al. 
(2016) - AM only, Fini et al. (2011), 




Augé et al. (2016) - AM only, Wang et 
al. (2017). 
None found. 
*Authors noted that this does not necessarily result in increased plant growth 
1.1.4.1 Effects on tuarts and other Eucalyptus hosts 
In regard to tuart hosts, ECM fungi have been associated with better health of tuart 
woodlands: there is a positive correlation between abundance of ECM fungi and better crown 
health, as well as tuart seedling survival (Ishaq et al., 2013, Ishaq et al., 2018, Scott et al., 
2013b). Certain ECM species have also been shown to increase growth and phosphorous 
uptake in other Eucalyptus species (Bougher et al., 1990, Marschner and Dell, 1994). 
Hypogeous ECM fungi are thought to offer protection against soil-borne root pathogens 
including Phytophthora cinnamomi (Claridge, 2002). But whether or not ECM fungi offer tuarts 
any protection against the related Phytophthora multivora, a pathogen that has been 
associated with tuart decline (Claridge, 2002, Scott et al., 2011, Scott et al., 2013a), remains to 
be seen.  
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While a few studies have looked into the effect of specific AM species on Eucalyptus species, it 
seems consensus has yet to be reached on the general effects of AM colonisation on the 
Eucalyptus genus. Adjoud et al. (1996) found tuart seedlings inoculated with Glomus 
intraradices did not differ significantly from control seedlings in height, stem dry weight, or 
leaf phosphorous concentration. However, inoculation with this AM species significantly 
increased one or more of these three measures in other Eucalyptus species (Adjoud et al., 
1996). 
It appears research has not been carried out on the effects of colonisation by a combination of 
ECM and AM fungi on tuarts, but similar studies have been carried out on eucalypt species. 
Chen et al. (2000) inoculated Eucalyptus globulus and E. urophylla seedlings with spores of the 
ECM fungus Laccaria lateritia and/or an AM fungus (species of Glomus, Acaulospora or 
Scutellospora). They found E. globulus seedlings inoculated with both ECM and AM fungi had 
greater growth then those inoculated with either ECM or AM alone. For E. urophylla, the ECM 
and ECM/AM seedlings were significantly larger than the AM and control seedlings. The ratio 
of AM to ECM root colonisation for both Euculyptus spp. changed substantially over time: the 
AM fungi species established faster than the ECM species, but after two to three months the 
number of ECM colonisations had increased substantially, while the proportion of AM fungi 
had declined (Chen et al., 2000).  
Some benefits traditionally associated with mycorrhizal association are not always seen in very 
young tuarts. So et al. (2011) found introducing mycorrhizae to both tuart seeds, and seedlings 
planted in the field did not result in better establishment or increased height. Adjoud et al. 
(1996) also found no increase in growth 20 weeks after inoculating tuart seedlings with Glomus 
intraradices. A recent study also found that a greater degree of mycorrhizal colonisation 
resulted in smaller tuart seedlings, particularly in terms of above-ground biomass (Tay et al., 
2018). 
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1.1.5 Artificial introduction of mycorrhizae to plant 
hosts 
Acquiring mycorrhizae to introduce to a desired host plant can be difficult. An early method 
used for this purpose involved the creation of an inoculum from cultures of mycorrhizae grown 
on the roots of a number of suitable potted plants (Linderman and Pfleger, 1994). This method 
does not necessarily result in a wide variety of fungi  species in the roots, requires some effort, 
and can be expensive (Linderman and Pfleger, 1994). Substantial effort and some level of 
fungal expertise is required to collect enough spores for a species-rich inoculum, and access to 
an environment with the appropriate fungi species is required. A similar technique, called 
controlled mycorrhization, involves inoculating nursery seedling with mycorrhizae taken from 
well-performing plants at the desired planting location (Fini et al., 2011). This method can be 
cost-effective and practical for forestry and landscaping, provided that mycorrhizae are 
present at the desired site, that they can be propagated in the nursery, and the fungi will 
survive transplantation (Fini et al., 2011). Ectomycorrhizae can also be introduced to 
glasshouse plants with an inoculum made from the scats of mammals that have eaten desired 
ECM fungi spores (Claridge et al., 1992, Colgan and Claridge, 2002, Johnson, 1996, Tay et al., 
2018). This method typically involve planting host seeds in pots of soil and prepared scat 
material. Some studies have reported greater colonisation rates of host roots, compared with 
similar methods using other sources of fungi spores (Claridge et al., 1992, Colgan and Claridge, 
2002, Tay et al., 2018). More recently, commercial products have become available to 
introduce mycorrhizae to soils. These products can consist primarily of spores (Mycorrhizal 
Applications, 2018), but some also include a number of other ingredients designed to improve 
plant health or growth e.g. fertiliser, zeolite (Baileys Fertilisers, 2018, Driessen, 2014). At least 
one manufacturer of such products claims they are suitable for use on Australian native plants 
(Baileys Fertilisers, 2018). 
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Environmental factors must be considered when using any of these methods, as some can 
impact on the success of artificial mycorrhizal colonisation. For example, care must be taken 
when fertilising inoculated plants, as the amount of nitrogen and phosphorus present can 
impact colonisation rates (Brundrett et al., 1996). Based on the results from three Eucalyptus 
species, the recommended levels of phosphorus and nitrogen are 6 mg/kg soil and up to        
20 mg/kg soil respectively, as larger doses reduce ECM colonisation (Brundrett et al., 1996). 
Higher concentrations of phosphorus have also been found to discourage the formation of AM 
associations with some species of Eucalyptus (Chen et al., 2000). 
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1.2 Tuart (Eucalyptus gomphocephala) 
1.2.1 Ecology 
The tuart (Eucalyptus gomphocephala) is a woodland tree species endemic to the Swan Coastal 
Plain in south-west Western Australia (Barber and Hardy, 2006, FloraBase, 2018). Tuarts fall 
under the largest eucalypt subgenus: Symphyomyrtus, but are taxonomically distinct with no 
close relatives (Dell et al., 2006b). Tuarts typically reach 25-40 m in height; however in the 
northern areas of their distribution the trees tend to be in mallee-like formations, reaching 
only 10-15 m in height (Wentzel, 2010). Tuarts grow exclusively in a narrow strip of habitat 
along the coast of south-west Western Australia, an area known as the Swan Coastal Plain. The 
soils of the Swan Coastal Plain are among the most infertile in the world, with a high pH 
(Government of Western Australia, 2015), and a particularly low capacity for phosphorus and 
nitrogen retention (Government of Western Australia, 2014, Ward and Summers, 1993). The 
tuart is one of only a few tree species in Western Australia that grows on calcareous soils 
(Barber and Hardy, 2006, Wentzel, 2010). The nutrient requirements of the species remain 
largely unknown, but other members of their subgenus are known to have higher demands for 
magnesium, calcium, and sometimes potassium (Dell et al., 2006a). Phosphorous also tends to 
be a limiting factor on the growth of eucalypt species in Australia (Bougher et al., 1990).  
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1.2.2 Tuart decline 
Like a number of other eucalypt species in Australia, tuarts have undergone a substantial 
decline since European colonisation (Barber and Hardy, 2006, Jurskis, 2005). Though there was 
once over 111,609 ha of tuart woodlands, this area has now fallen to just over 30,000 ha due 
to land clearance (Tuart Response Group, 2002). Of the remaining trees, many show physical 
signs of poor health, including foliar necrosis, marked epicormic growth, crown thinning, and 
the progressive death of the primary leaf-bearing branches (Tuart Response Group, 2003, 
Ishaq et al., 2013, Scott et al., 2013b, Wentzel et al., 2018). No single, primary cause has been 
identified (Barber and Hardy, 2006, Ishaq et al., 2013, Scott et al., 2013a), although a number 
of biotic and abiotic factors are thought to have contributed to tuart decline (Figure 1.1). 
 
Figure 1.1: Tuart Vegetation System Health Model (Barber and Haswell 2006) 
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Predisposing environmental factors. Several predisposing environmental factors are thought 
to have played some part in the decline, including declining rainfall and nutrient-poor, saline 
soils (Barber and Hardy, 2006, Barber and Haswell, 2006, Dell et al., 2006b). More recent 
contributors include the presence of a number of pathogens, the alteration of mycorrhizal 
fungi communities, and a lack of periodic low-intensity fire (Barber and Hardy 2006, Cai, 
Barber et al. 2010, Scott, Shearer et al. 2013).  
Drought. The threat of drought is one that human intervention can do little to negate. The 
annual rainfall in south-west Western Australia has been falling since the 1970s, with no sign 
of returning to early/mid-20th century conditions (Smith and Power, 2014). Furthermore, 
rainfall in this region is predicted to continue to decrease over the coming decades, in part due 
to greenhouse gas emissions and climate change (Smith and Power, 2014).  
Altered fire regimes. While Western Australia is characterised by relatively frequent bushfires, 
human activity has resulted in changes to the fire regimes around populated areas (Burrows et 
al., 2008). Altered fire regimes impact on tuart numbers as they, like many Australian tree 
species, rely on fire for mass seedling recruitment. It has been shown that the bulk of tuart 
seeds released during interfire periods fail to establish (Ruthrof et al., 2009b). While well-
implemented fire management practices could potentially reduce the impact human activities 
will have on future tuart seedling recruitment, there is a limit to what human intervention may 
be able to achieve (Burrows et al., 2008). Both the frequency and intensity of wildfires are 
predicted to increase in south-west Western Australia, due to rising temperatures in the region 
resulting from ongoing climate change (Sudmeyer et al., 2016). The increased intensity of fires 
in particular is predicted to have a devastating effect on juvenile tree numbers (Burrows et al., 
2008). 
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Soil pathogens and nutrient deficiency. While tuarts are thought to be resistant to the dieback 
pathogen Phytophthora cinnamomi (E. Groves), they remain susceptible to a number of 
others, including the related Phytophthora multivora (Scott et al., 2011) P. multivora is a root 
pathogen that has been linked to tuart decline: infection causes loss of fine feeder roots, which 
then impairs nutrient uptake (Scott et al., 2013a). This is of particular concern as nutrient 
deficiency is an ongoing limit to tuart growth and health (Barber and Haswell, 2006). 
Insufficient levels of zinc and nitrogen have also been linked to tuart decline (Dell et al., 2006a, 
Scott et al., 2013a) however, it is unclear whether this is solely linked to the effects of P. 
multivora. It has been shown that nutrient application can improve the crown health of tuarts 
in a state of decline (Scott et al., 2013a). This is further evidence that a lack of nutrients is 
contributing to the decline, and that restoration efforts that target this factor can reverse 
some symptoms. 
Mycorrhizal associations. A lack of both soil bacterial diversity and ECM colonisation have also 
been associated with tuart decline (Ishaq et al., 2013, Ishaq et al., 2018, Scott et al., 2013b). 
However, it is not yet certain whether the reduction in ECM is contributing to the decline (i.e. 
fewer mycorrhizal associations causes reduced nutrient uptake/increased susceptibility to P. 
multivora), or if it is a symptom (i.e. P. multivora damages fine roots, preventing mycorrhizal 
colonisation) (Cai et al., 2010, Ishaq et al., 2018, Scott et al., 2013a, Scott et al., 2013b). It has, 
however been shown that some ECM species partially inhibit P. multivora growth in vitro 
(Ishaq, 2014). Further research in this area is needed to better inform restoration efforts, as it 
seems unlikely that tuarts are going to overcome these ongoing threats without human 
intervention. 
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Interactions between some of these factors are thought to further exacerbate tuart decline. 
For example: rainfall in south-west Western Australia has been declining for several decades 
(Smith and Power, 2014), causing changes to soil moisture and temperature (Barber and Hardy 
2006). These changes are also associated with alterations to the sporulation and colonisation 
of certain forest pathogens (Barber and Hardy 2006). Interestingly, tuart decline has been 
shown to occur without changes to the structure and diversity of surrounding vegetation, 
indicating at least some of the agents of decline may be tuart-specific (Wentzel et al., 2018). 
1.2.2.1 Ecosystem impacts of decline 
A number of plant and animal species have been detrimentally affected by tuart decline. A 
study on the impacts of tuart decline identified several animal species that were less abundant 
in declining tuart sites, compared to healthy ones. Examples include the southwestern cool 
skink (Acritoscincus trilineatus) and the western falsistrelle bat (Falsistrellus mackenziei, near 
threatened) (IUCN, 2017, Wentzel, 2010). One pattern that emerged was that declining sites 
had fewer specialised foragers, including nectarivorous birds (Wentzel, 2010). The same study 
found that other faunal species were more abundant in declining tuart woodlands. However, 
these species tended either to be generalist and not of great concern in terms of conservation, 
or species reacting to a short-term benefit. In the latter case, an increase in insectivorous 
birds, likely attracted by greater numbers of folivorous insects making use of the temporary 
increase in groundcover from dead branches/leaves, is likely to reverse as tree decline 
progresses and the resource becomes depleted (Wentzel, 2010). 
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There are a number of other species associated with tuarts that are predicted to suffer adverse 
effects if the decline continues. Tuarts are an important resource for Carnaby's Black 
Cockatoos (Calyptorhynchus latirostris, endangered), which use the trees for nesting, roosting, 
and as a food source (Groom, 2011, IUCN, 2017). The western ringtail possum (Pseudocheirus 
occidentalis, critically endangered) inhabits a number of tuart woodlands within the northern 
section of its range (Barber and Hardy, 2006, IUCN, 2017). Ongoing tuart decline could be 
devastating for this species, as habitat loss is one of the main causes of their endangered 
status (Burbidge and Tores, 1998). Tuart decline is also extremely severe in the Yalgorup 
National Park Lake system, an area recognised under the international Ramsar Convention due 
to the vast numbers of waterbirds that inhabit the region (Barber and Hardy, 2006, Jones, 
1993). As tuarts are one of the dominant forest trees in this system (Jones, 1993), their 
disappearance would inevitably change the ecosystem structure and impact on the fauna that 
utilise this area. A number of tuart forest understory plants are already of conservation 
concern, including; Acacia benthamii (priority 2), Lasiopetalum membranaceum (priority 3), 
Jacksonia sericea (priority 4), and Dodonaea hackettiana (priority 4) (FloraBase, 2018, Barber 
and Hardy, 2006). Finally, the disappearance of tuart woodlands is predicted to result in a loss 
of invertebrate diversity (Barber and Hardy, 2006). 
1.2.3 Current research, conservation and restoration 
methods for tuarts 
A number of multidisciplinary teams dedicated research into causes and effects of tuart 
decline over the last two decades, including the Tuart Health Research Group and the Tuart 
Response Group (Barber and Haswell, 2006). Additionally, numerous research projects in this 
field have been undertaken by academics and students: Cai et al. (2010), Ishaq et al. (2018), 
Scott et al. (2013b), and Wentzel (2010). A smaller number of studies, including Scott et al. 
(2013a), have directly tested the effectiveness of various measures designed to counteract 
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decline symptoms. Finally, several studies have looked into the success of various replanting 
methods for tuarts. Key findings of these works include: planting seven-month-old 
greenhouse-raised seedlings was more effective than planting seeds or four/five-month-old 
seedlings in the field (Ruthrof and Close, 2006, Ruthrof et al., 2009a). Additionally, applying 
fertiliser tablets at the time of planting improved seedling growth and survival (Ruthrof et al., 
2012). Watering was only found to improve seedling survival during summer months (Ruthrof 
and Close, 2006). Plastic tree guards reduced herbivory and increased the ambient 
temperature around seedlings (Close et al., 2009), and weed/herbivore control has been 
recommended for degraded areas (Ruthrof et al., 2009a). 
1.3 Quenda (Isoodon fusciventer) and ecosystem 
health 
The quenda (Isoodon fusciventer, Travouillon and Phillips, 2018) is a medium-sized Australian 
marsupial, within the bandicoot clade. The species is native to south-west Western Australia, 
where it resides in woodland and heath habitats of the Swan Coastal Plain (Broughton and 
Dickman, 1991). Like many Australian mammals, the range and population size of the quenda 
has declined since European colonisation (Abbott, 2008). It is estimated that the geographic 
distribution of this species has been reduced to 40% of its former range (Friend, 1990). 
However, unlike many other mycophagous species, quenda still persist in many urban and 
peri-urban areas of south-western Australia (Howard et al., 2014). The relative success of 
Isoodon and Perameles spp. in coping with urbanisation is thought to be due, in part, to their 
flexible diets (Ritchie and Maclagan, 2018). Bandicoots are opportunistic omnivores, with the 
bulk of their diet consisting of insects and earthworms, in addition to roots, moss, berries and 
fungi (Warburton and Travouillon, 2016), including species of mycorrhizal fungi (Claridge and 
May, 1994, Tay et al., 2018).  
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Quenda are one of a small number of digging mammals in Australia (Valentine et al., 2017). 
These are animals that dig or otherwise move soil as part of their foraging activity. This activity 
can have a substantial impact on the animals environment, as an individual quenda is 
estimated to displace over three cubic metres of soil in a year (Valentine et al., 2011). This soil 
movement, termed bioturbation, is credited with a number of benefits to the ecosystem 
(Valentine et al., 2011, Valentine et al., 2017). Quenda digging has been shown to reduce 
ground hydrophobicity, thereby increasing soil moisture content (Valentine et al., 2017). 
Foraging pits also collect leaf litter, creating a microhabitat for microscopic and macroscopic 
organisms, and encouraging litter decomposition (Fleming et al., 2014, Valentine et al., 2017). 
This may be why mammal diggings have been found to increase seed recruitment and 
germination rates of native plants, including tuarts (Fleming et al., 2014, Valentine et al., 
2017). The role of the quenda in these processes is becoming all the more important, as many 
other digging mammals have recently decreased in population or range size (Fleming et al., 
2014). There are only 16 extant digging mammal species remaining in Australia, and 11 of 
these are of conservation concern (Valentine et al., 2011). 
1.3.1 Role in mycorrhizal spore dispersal 
In addition to their roles in ecosystems (above), quenda play an important role in the dispersal 
of mycorrhizal spores. Mycophagy is prevalent among Australian potoroos and bandicoots, 
with the majority of the fungi consumed being mycorrhizal in nature (Claridge and May, 1994). 
The viability of the passed spores depends on the fungal species and the animal in question 
(Colgan and Claridge, 2002). But in general, spores remain intact and the digestive process 
itself can increase spore germination rates (Claridge, 2002, Johnson, 1994, Johnson, 1996, 
Reddell et al., 1997, Tay et al., 2018).  
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Mycophagous mammals have a number of advantages, to both the fungi and plant hosts,  
compared to other methods of spore dispersal. In addition to increasing the spore germination 
rates for some species, the faecal material provides a source of nutrition for the fungi, and the 
host (Johnson, 1996). Furthermore, as mycophagous mammals naturally spend much of their 
time foraging near trees species that host mycorrhizal fungi, any spores they carry are likely to 
be deposited in a suitable environment for colonisation (Johnson, 1996). These mammals are 
also capable of transporting the spores over relatively long distances due to their foraging 
activities (Johnson, 1996, Vernes and Dunn, 2009). This dispersal method is particularly 
important for epigeous species in forests, where wind movement at ground level tends to be 
minimal (Claridge, 2002, Johnson, 1996). For this reason, mycophagous mammals are thought 
to play in important role in the movement of mycorrhizal spores across habitat borders and 
into early successional habitats, including areas recovering from disturbance (Johnson, 1996, 
Vernes and Dunn, 2009).  
For hypogeous fungi, these mycophagous mammals are the primary method of dispersing their 
spores (Johnson, 1994). Species from both divisions of ECM fungi (Ascomycotina and 
Basidiomycotina) have been recovered from the digestive tracts of bandicoot species (Claridge 
and May, 1994). Multiple mycorrhizal species have been shown to survive passage through the 
gut of the quenda, and have been used to successfully colonise the roots of tuart seedlings 
(Tay et al., 2018). Consequently, the presence of mycophagous mammals - including quenda - 
is believed to be crucial to maintaining the presence, species, and genetic diversity of 
mycorrhizal communities in their environment (Johnson, 1996, Tay et al., 2018, Vernes and 
Dunn, 2009). They also provide an efficient method of long range dispersal, as the average 
home range size for an individual quenda is 1.83 ha for females and 2.34 ha for males 
(although some individuals have been found with home ranges of up to 8.1 ha) (Broughton and 
Dickman, 1991).  
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Chapter 2 Manuscript 
2.1 Introduction 
Conservation of the tuart is crucial for maintaining biodiversity in south-west Western 
Australia. As one of only a few tree species that grow on calcareous soils, it is unlikely to be 
replaced by another tree species, hence their loss will result in a substantial change to the 
ecosystem structure (Barber and Hardy, 2006, Wentzel, 2010). The tuart also provides 
important habitat and foraging resources for a number of other conservation-priority species 
(Barber and Hardy, 2006, Groom, 2011, Wentzel, 2010). Human intervention is likely required 
to preserve this species, as existing populations are in decline (Tuart Response Group, 2003, 
Ishaq et al., 2013, Scott et al., 2013b) and natural seedling recruitment is poor due to altered 
fire regimes (Ruthrof et al., 2009b). A greater abundance of mycorrhizae has been associated 
with healthy tuart woodlands (Ishaq et al., 2018, Scott et al., 2013b), and the effects of 
mycorrhizae in general have been shown to combat several threats currently facing tuart 
populations: drought stress, lack of nutrients, and root pathogens (Claridge and May, 1994, 
Fleming et al., 2014, Varma, 2008). Accordingly, this study aimed to determine:  
a) Whether mycorrhizae improve the growth, health and survival of tuart seedlings. 
b) Whether different mycorrhizal inoculants result in differences in growth, health and 
survival of tuart seedlings. 
Three sources of mycorrhizal spores were compared in this study:  
a) Commercial products represent a low-effort, but potentially high financial cost, method of 
introducing mycorrhizae to seedlings. This project used a commercial source of AM spores 
that was locally available.  
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b) This project also used an inoculum containing spores from mycorrhizal sporocarps, as this 
is a well-established method that offers the advantage of knowing which fungal species 
the inoculant contains. Furthermore, in the case of the tuart, an ECM-only inoculum is 
appropriate given that ECM species naturally make up the bulk of mycorrhizal associations 
with tuart trees (Brundrett and Tedersoo, 2018). However, substantial effort and some 
level of fungal expertise is required to collect enough spores for a species-rich inoculum, 
and access to an environment with the appropriate fungi species is required.  
c) The final inoculum was made from quenda scats. This was the treatment with the greatest 
potential for mycorrhizal species diversity, as mycophagous mammal scats have previously 
been found with spores of up to 50 different species of ECM, from only a few hectares of 
foraging (Johnson 1996). They can also contain AM spores (Reddell et al., 1997). Quenda 
scats are relatively accessible as they can be collected from animals being held in cage 
traps. Potentially, some of the fungi obtained from scats may have higher germination 
rates than fresh spores, as the digestion process can break spore dormancy (Claridge, 
2002, Fleming et al., 2014, Johnson, 1994, Johnson, 1996, Reddell et al., 1997).  
Determining which of these three sources is best for promoting the growth and health of tuart 
seedlings will determine the practices needed to make tuart revegetation activities as effective 
as possible, ensuring conservation efforts for this species achieve their full potential. 
2.2 Methods 
This study followed methods similar to those currently used in restoration planting to ensure 
findings would be relevant to restoration efforts. As transplanted tuart seedlings have been 
shown to have better chances of survival than seeds planted in the field (Ruthrof et al., 2009a), 
the decision was made to initially raise the tuart seedlings in a glasshouse environment. Tuart 
seeds were obtained from the Lake Clifton region in Yalgorup National Park, south-west 
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Western Australia (Tranen Revegetation Systems). Research on both tuarts and quenda has 
previously been carried out at this location (Ishaq et al., 2013, Scott et al., 2013b, Valentine et 
al., 2017). 
2.2.1 Treatments  
To test the effects of mycorrhizae from different sources, tuarts were allocated to one of five 
treatments, consisting of three experimental treatments and two controls (Table 2.1). Details 
of the collection and components of the spore sources are outlined below. 
 Scats. The scat mix was made from 57 quenda scats, collected primarily from Marlee 
Reserve and Craigie Bushland. Preliminary analysis indicated the presence of 
Hysterangium, Descomyces and Reddellomyces spores. The scats were macerated and 
combined to form a homogenous mix.  
 Sporocarps. Hypogeous fungal fruiting bodies were collected from Marlee Reserve, 
Warrangup Spring and Caddadup by focusing collections around quenda diggings. The 
material was provisionally identified based on spore morphology; dominant taxa present 
were Hysterangium, Dingleya, Descomyces and Russulaceae species. These spores were 
mixed to become homogenous.  
 Commercial inoculant. The manufacturer of the commercial product states that it 
contains: zeolite (>60%), 3-4 month slow release fertiliser: Apex NPK Mini (10-30%), a 
wetting agent (10-30%), and a source of AM spores: MycoApply Endo (<10%) (Driessen, 
2014). These AM spore mix claimed to contain four mycorrhizal species: Glomus 
intraradices, G. mosseae, G. aggregatum, and G. etunicatum (Mycorrhizal Applications, 
2018). 
Seeds in the experimental treatments were planted with an inoculant that consisted of: 35 g 
scat mix, 1 g sporocarp mix, 24 g commercial product, 30 µL Tween 80, and 120 mL water. 
Each experimental treatment received inoculants where two of the three mycorrhizae sources 
had been autoclaved prior to inoculation, so that each treatment only received active spores 
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from one source (Table 2.1). The autoclave settings used for inoculant components were: soil 
cycles, 121C for 30 minutes. The seeds allocated to the nutrient control also received the 
inoculant mix, but in this case all three mycorrhizae sources were autoclaved to kill any 
mycorrhizal spores present. This control therefore received the same nutritional material as 
the experimental treatments, without also being inoculated with active spores. Finally, the 
seeds in the contamination control treatment received no inoculum. 
Table 2.1: Treatment descriptions, purpose and seedling numbers. Strikethrough text indicates material 
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Determine effect of ECM sporocarp spores 







Control for effects of non-mycorrhizal 






Control for effects of fungi spores that 
originated from the shadehouse/ 
glasshouse environments. 
80 
Total:   400 
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To encourage mycorrhizal associations, a potting mix without added fertiliser was used 
(donated by Baileys Fertilisers, Kwinana). Prior to use, the potting mix was steam pasteurised 
for 2 hours at 65oC. A total of 320 forestry tubes (50 x 50 x 120 mm) were prepared by filling 
5/6 full with potting mix, then adding 1.5 g of inoculum and mixing this thoroughly into the top 
3 cm of potting mix. The final 80 tubes were prepared in the same manner, but no inoculum 
was added (these pots served at the contamination control). Approximately five tuart seeds 
were placed on top of the soil in each tube, then covered with a light sprinkling of potting mix. 
Seeds were germinated in an outdoor shadehouse where they experienced natural 
photoperiods and temperatures, as well as regular watering through an automated system. 
Further details on seedling care and monitoring are presented below (Table 2.2). 
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2.2.2 Timeline of methods 
The seedlings were grown and observed for a total of ten months, with a number of different 
measures carried out over this time. A complete timeline of seedling care, monitoring 
activities, and harvesting is outlined in Table 2.2, with further details provided in section 2.2.3. 
Table 2.2: Timeline of monitoring activities, number and location of seedlings. 
Time Measurements/monitoring Location Seedling numbers 




400 (80 per 
treatment) 
January (2018) 
Height measured weekly 
(commenced 3 weeks after sowing) 
Fertilised regularly (commenced 5 
weeks after sowing) 
February 




Height measured weekly 
Fertilised regularly 










Height measured weekly 
Fertilised regularly (new fertiliser) 
June 
Foliar nutrient deficiency symptoms 
assessed 
Height measured weekly 
Fertilised regularly 
July 
Foliar nutrient deficiency symptoms 
assessed 
Photosynthesis rate measured 
Second harvest 
Height measured weekly 
Fertilised regularly 
200 (40 per 
treatment) 
August 
Seedlings planted in field 
Photosynthesis rate measured 
(twice) 
Height measured 
Seedlings watered (once) 
Field site: lot 35 Red 
rd, Parklands (Perth, 
WA) 
September 




2.2.3 Seedling care and monitoring 
Initial - Shadehouse. Seedlings were initially grown in an open, outdoor shadehouse located at 
Murdoch University, South Street campus (Perth, Western Australia). This location allowed the 
seedlings to experience natural photoperiods, as well as elements including wind and rain. 
Pots were arranged in two trays of 40 pots per treatment. All trays were placed in a ring on a 
table in the greenhouse, with treatment trays distanced from each other to avoid introducing a 
spatial factor. Additionally, the trays were systematically moved around the table once per 
week (from four weeks after sowing). Plants were watered through an irrigation system, twice 
daily for ten minutes. Plants were additionally fertilised with 10 mL of 0.5% commercial 
seaweed solution (Seasol liquid concentrate, Seasol International Pty Ltd, Melbourne), 
delivered manually, twice a week from five weeks after sowing. Insects and arachnids were 
removed if found in/around the trays of pots, as were any weeds or moss found growing in the 
pots. Seedlings were thinned to one per pot four weeks after sowing, and spare seedlings were 
transplanted into empty pots where necessary. 
April onwards – Glasshouse. In late April, pots were moved to a glasshouse (on the same 
campus) due to concern that exposure to rain was resulting in over-watering. Plants were no 
longer exposed to wind/rain, but still experienced natural photoperiods. Pots remained in the 
sametrays, which remained in their previous set-up and continued to be rotated on a weekly 
basis. From here on, plants were watered manually, so the amount of water received could be 
adjusted according to the need of the seedlings at that time (although all seedlings received 
the same amount of water per watering). Plants received either 10 mL or 15 mL on a given 
day, once a week. Additionally, pots received 15 mL of a new fertiliser, designed specifically for 
Eucalyptus species (Appendix 1), twice a week . 
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August onwards – Field. In mid-August, those seedlings that had not been harvested were 
planted out in a degraded reserve set aside for restoration by the City of Mandurah: 35 Red 
Rd, Parklands. Seedlings were hand watered (approximately 20 mL per seedling) only once, 
one week after being planted. 
2.2.3.1 Growth and health measurements 
There were three measures that were carried out multiple times on the seedlings:  
Plant height. Height of seedlings (mm), from soil level to the base of the apical bud, was 
measured weekly from three weeks after seeds were sown. 
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Chlorophyll fluorescence. The ratio of variable to maximum fluorescence (FV/FM) is an 
indication of the peak efficiency of Photosystem II in plants (Hansatech Instruments Ltd, 2006). 
It is commonly used as a stress indicator, as a plants photosynthetic capabilities become 
limited in the presence of stress factors. Fluorescence was measured with a chlorophyll 
fluorimeter (Pocket PEA, Hansatech Instruments). Light intensity was set to 3500μmol m-2 s-1, 
with a three second measurement duration. The top-most, undamaged, fully expanded leaf 
was measured on each seedling. Chosen leaves were dark adapted for a minimum of 15 
minutes before measurements were taken. The necessary period of time for dark adaption 
was determined by taking numerous FV/FM values at set intervals of time and noting the time 
after which the FV/FM value did not increase any further, as per the manufacturer’s instructions 
(Hansatech Instruments Ltd, 2006). Chlorophyll fluorescence was measured at four time 
points: in the glasshouse (immediately before the second harvest), then one, two and four 
weeks after the field planting. Three mature tuarts, located at the degraded reserve where the 
seedlings were planted, also had their FV/FM measured once. The median of these three values 
(0.78) was used as a base rate to which field FV/FM readings on the seedlings could be 
compared to. Efforts were made to measure every plant still alive at the time of measuring; 
however, some seedlings were too small to have the required clip attached without inflicting 
serious damage to the plant. In these cases, the plant was not measured. Several plants 
suffered severe damage - mainly snapped stems - as a result of the first measuring. These 
plants were all destructively sampled as part of the second harvest, to avoid planting damaged 
seedlings in the field. 
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Visual assessment of foliar nutrient deficiency symptoms. The nutrient uptake capabilities of 
the tuarts were estimated by visually assessing the extent of foliar nutrient deficiency 
symptoms exhibited by the seedlings. Symptoms were identified based on Figure 6.12 (p. 298) 
in Brundrett et al. (1996). Briefly, pink spotting/discolouration on expanded leaves was 
classified as phosphorus deprivation and yellow spotting/discolouration was classed as 
nitrogen deprivation (Appendix 2, Figure 2.7). Individual seedlings were given one of the 
following scores each for nitrogen and phosphorus deficiency: "0" - no leaves displaying 
nutrient deficiency symptoms, "1" - up to one third of leaves displaying nutrient deficiency 
symptoms, or "2" - over one third of leaves displaying nutrient deficiency symptoms. This 
assessment was carried out twice, initially in June, then again one month later. The means of 
these two scores for each seedling were used in later analysis. Originally it was planned to 
conduct nutrient analysis by using the leaves harvested from the seedlings. However, after the 
second harvest was completed, it became apparent that the collected leaf samples were of 
insufficient mass to have replication within treatments. Consequently, the nutrient analysis 
could not be carried out. Rather than omit nutrient uptake from the trial, the aforementioned 
observational data was collected. While the methods used were not ideal, they were the only 
ones that could be feasibly use during this trial. 
2.2.4 Harvesting and sample processing 
Two destructive harvests were carried out in March and July to analyse seedling biomass after 
three and seven months of growth respectively. At each harvest, 20 seedlings were removed 
from each of the five treatments (Table 2.2). A list of seedlings to be sampled was generated 
using the 'sample' function in RStudio (RStudio, Inc., 2016, R Foundation for Statistical 
Computing, 2018), to ensure selection was random. A total of six seedlings died between the 
first and second harvests; these were processed in the same manner as the harvested 
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seedlings. Six fewer seedlings were then collected from the relevant treatments in the second 
harvest, to avoid further reducing the number of remaining seedlings. 
During the harvests, seedlings were uprooted and their roots were washed free of soil and 
other matter. Stems were cut at soil level and processed separately to roots. Equipment was 
sterilised between samples by washing with a 10% bleach solution, then with 80% ethanol 
solution. 
Biomass. Samples from harvested seedlings were weighed to determine their biomass. After 
wet weights were taken, the stem/leaf samples were dried in a 65°C oven for approximately 
48 hours and weighed again to determine dry mass. Root samples were only weighed wet, as 
fine roots were reserved for other analyses.  
Detection of mycorrhizae in roots. A number of roots were randomly selected from the root 
balls of seedlings harvested at seven months. Roots were prepared for analysis with the 
methods set out in Brundrett et al. (1996). Briefly, roots were cleared with a 10% KOH solution, 
then stained with a Chlorazol E Black solution: 0.03% w/v in lactoglycerol (1 : 1 : 1 lactic acid, 
glycerol, water). Both the clearing and staining reactions were achieved with the use of an 
autoclave liquids cycle (20 minutes at 121°C). Finally, roots were de-stained and stored in a 
50% glycerol solution. 
The cleared/stained roots from the aforementioned seedlings were made into slides and 
viewed under a compound microscope. Ectomycorrhizae and AM fungi were initially identified 
based on the presence of key structures; Hartig net/darkened, swollen root tips, and 
arbuscules/vesicles respectively (Brundrett, 2008). The presence/ type of mycorrhizae was 
then verified with assistance from Dr. W. Dunstan (Murdoch University).  
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2.2.5 Planting in the field 
In August, shortly after the second harvest, the remaining 200 seedlings were planted at the 
field site (Table 2.2). Prior to planting, the 12 m by 30 m site was ripped and treated with 
herbicide to eliminate weeds (1% Roundup solution (360/L Glyphosphate) 1 L per 10 m, 
applied 2 and 6 weeks before planting). Seedlings were planted in five blocks, with n = 8 
seedlings from each treatment per block (n = 200 seedlings total, Appendix 3). Each seedling 
was planted on top of a 10 g slow release fertiliser tablet (Arbor Tab, Compass Products, Perth) 
to mimic conventional restoration planting conditions and increase the chances of seedling 
survival (Ruthrof et al., 2012). Plastic tree guards were placed around each seedling 
immediately after planting to shelter seedlings from wind and protect them from low 
temperatures (Close et al., 2009). 
2.2.6 Statistical analysis 
All statistical analysis for the results of this trial was carried out in RStudio, R version 3.4.4 
(RStudio, Inc., 2016, R Foundation for Statistical Computing, 2018). The conventional 5% 
significance level was used for each set of analysis, and medians rather than mean values were 
reported as the measures of centrality due to the skewed nature of the data. The ggplot2 
package (Wickham, 2009) was used to produce relevant figures to accompany the analysis. 
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In order to determine whether the initial growth rates of the treatments differed from each 
other, two linear regression models were fitted. The dependent variable, seedling height, was 
first transformed with a box-cox transformation to ensure both models met the assumptions 
of linearity, normality and homoscedasticity. The lambda value found to have the greatest log 
likelihood for the data was 0.7. Treatment and time were included in the models, as well as the 
tray a seedling was grown in, included as a factor (differences in height between trays with the 
same treatment were noted early in the trial). The models were identical, save that one 
included an interaction effect between treatment and time, while the other did not: 
 (Height i)
0.7 = 𝛽0 + 𝛽1(Time i) + 𝛽2(Treatment i) + 𝛽3(Tray i) + 𝜖i 
(Height i)
0.7 = 𝛽0 + 𝛽1(Time i) + 𝛽2(Treatment i) + 𝛽3(Tray i) + 𝛽4(Time × Treatment i) + 𝜖i 
A drop in deviance test was then used to compare the models. Assumptions were checked by 
producing QQ and residuals vs. fitted values plots for both models. 
Kruskal-Wallis tests were used to compare several growth and health measurements between 
treatments (including height, biomass, and FV/FM). Where significant differences were found, 
Dunn's tests (Ogle, 2018) were used to determine which of the treatments differed from each 
other. Both tests were also used to compare differences between measurements taken at two 
different time points (FV/FM change from transplanting, and field height growth) by subtracting 
the earlier measurement from the later and analysing the differences. In the case of the 
difference in field height, negative values produced were replaced with zeros prior to analysis, 
in recognition that these were not accurate measurements. These values were then divided by 
a plants height at seven months in order to adjust for differences in plant size, before the 
analysis was carried out. Height at seven months was calculated by averaging the 
measurements taken in the three weeks prior to the 7-month harvest.  
35 
The preferred methods of analysis, for both the aforementioned data types, were ANOVA 
tests, within a linear regression framework. However, QQ and residuals vs. fitted values plots 
showed the data did not meet the assumptions for that set of analysis. Kruskal-Wallis/Dunn's 
tests were also used to analyse the presence/absence of mycorrhizae in roots and nutrient 
deficiency data, as they are appropriate tests for ordinal data.  
Finally, seedling survival was analysed to determine if treatment influenced the survival odds 
of the tuart seedlings. Cox's proportional hazards model was used to test this hypothesis. This 
test assumes a constant hazard ratio over time, which was tested with the cox.zph function.  
2.3 Results 
A total of 18 statistical tests were carried out to determine the effect of the different 
treatments on the mycorrhizal colonisation, height, biomass, nutrient deficiency, stress, and 
survival of tuart seedlings. A summary of the results for each is presented (Table 2.3). 
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Table 2.3: Summary of statistical analyses and results, with median ± sd (unless otherwise stated) presented for each treatment (letters within a row denote values found to be 















Mycorrhizae       
Harvested seedlings with roots colonised 
by ECM (%) 
52.6 ± 51
A




 5.3 ± 23
B
 15.8 ± 37
B
 
Kruskal-Wallis test:            
𝝌
2
4 = 20.88, P<0.001 
Harvested seedlings with roots colonised 
by AM (%) 
42.1 ± 51
A
 5 ± 22
B
 5.3 ± 23
B





Kruskal-Wallis test:            
𝝌
2
4 = 22.08, P<0.001 
Plant height       
Initial growth rate (is there an interaction 
effect between treatment & time) (mm) 
34 ± 10
A
* 31.5 ± 12
B
 42.5 ± 17
C
 36 ± 14
A
 27 ± 12
D
 
ANOVA: F4, 1292 = 
6.53, P<0.001 
Height (after 8 months of growth) (mm) 41.5 ± 15
A
 40 ± 15
AB
 56.5 ± 28
C
 46.5 ± 23
C
 33 ± 23
B
 
Kruskal-Wallis test:            
𝝌
2
4 = 36.78, P<0.001 
Growth in the field (difference in height 
between week 1 and week 5) as a 
proportion of height (mm) 
0.145 ± 0.177 0.10 ± 0.171 0.15 ± 0.141 0.19 ± 0.146 0.105 ± 0.129 
Kruskal-Wallis test:            
𝜒
2
4 = 6.80, P>0.05 
Stem and leaf biomass       
3 months (mg) 19.7 ± 25
A
 16 ± 16
AB
 24.9 ± 32
A
 20.7 ± 31
A
 8.2 ± 13
B
 
Kruskal-Wallis test:            
𝝌
2
4 = 17.44, P<0.01 
7 months (mg) 18.5 ± 21
A
 19.5 ± 19
A
 44.0 ± 75
B
 29.0 ± 31
AB
 9 ± 7
C
 
Kruskal-Wallis test:             
𝝌
2
4 = 26.16, P<0.001 
Root biomass       
3 months (mg) 121 ± 123
A
 133 ± 118
A
 176 ± 295
A
 177 ± 240
A
 38.7 ± 81
B
 
Kruskal-Wallis test:            
𝝌
2
4 = 15.40, P<0.01 
7 months (mg) 109 ± 128
AB
 177 ± 135
A
 305 ± 654
C
 231 ± 173
AC
 69 ± 61
B
 
Kruskal-Wallis test:            
𝝌
2
4 = 24.34, P<0.001 
Nutrient Content       
Extent of foliar phosphorus deficiency 
symptoms (scale of 0 [none] - 2 [severe]) 
1.20 ± 0.77
A
** 1.47 ± 0.0.77
BC
 1.69 ± 0.58
C
 1.70 ± 0.52
C
 1.36 ± 0.82
AB
 
Kruskal-Wallis test:           
𝝌
2
















Extent of foliar nitrogen deficiency 
symptoms (scale of 0 [none] - 2 [severe]) 
0.51 ± 0.64
A
** 1.29 ± 0.72
B
 1.26 ± 0.78
BC
 1.00 ± 0.77
C
 1.21 ± 0.70
BC
 
Kruskal-Wallis test:          
𝝌
2
4= 34.81, P<0.001 
Photosynthesis (stress)       
Glasshouse 0.711 ± 0.06
A
 0.649 ± 0.11
B
 0.648 ± 0.08
B
 0.669 ± 0.10
B
 0.619 ± 0.09
B
 
Kruskal-Wallis test:           
𝝌
2
4= 30.49, P<0.001 
Field - 1 week after planting 0.709 ± 0.09
A
 0.653 ± 0.16
B
 0.657 ± 0.09
B
 0.716 ± 0.08
A
 0.663 ± 0.07
B
 
Kruskal-Wallis test:          
𝝌
2
4= 14.68, P<0.01 
Transplant stress: difference between pre 
and post-planting photosynthesis rate 
-0.0105 ± 0.09 0.0055 ± 0.17 -0.01 ± 0.10 -0.0115 ± 0.14 -0.0275 ± 0.11 
Kruskal-Wallis test:  
𝜒
2
4= 4.06, P>0.05 
Field - 2 weeks after planting 0.738 ± 0.09
A
 0.666 ± 0.13
B
 0.716 ± 0.10
C
 0.719 ± 0.09
AC
 0.665 ± 0.12
B
 
Kruskal-Wallis test:          
𝝌
2
4= 23.57, P<0.001 
Field - 4 weeks after planting 0.755 ± 0.08 0.728 ± 0.12 0.757 ± 0.08 0.756 ± 0.07 0.722 ± 0.08 
Kruskal-Wallis test:  
𝜒
2
4= 8.46, P>0.05 
Difference between glasshouse and 4 
week field photosynthesis rate 
Treatments not measured separately: 0.068 ± 0.118  
One-tailed Wilcoxon 
rank-sum test:       
Z= 9802, P<0.001  
Difference between the photosynthesis 
rate of seedlings (field - 4 weeks), and 
mature tuarts at field site 
Treatments not measured separately: 0.748 ± 0.089 
Two-tailed Wilcoxon 
rank-sum test:       
Z= 84, P<0.05 





4 = 5.97, P>0.10 
† Bold text indicates a statistically significant result. 
* Treatment values reported are median ± SD seedling height seven weeks after germination, significance values refer to whether there is a significant difference between the 
treatments and their interaction with time for the final model. 
** Treatment values reported are means, as the median values of ordinal data were not indicative of all the differences between treatments. 
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2.3.1 Treatment and mycorrhizal colonisation 
A greater proportion of the quenda scat inoculated seedlings had ECM (𝜒24 = 20.88, P<0.001, 
Figure 2.1a) and AM associations (𝜒24 = 22.08, P<0.001, Figure 2.1b) than any other treatment. 
There were no significant differences in the proportion of seedlings colonised by either ECM or 
AM amongst the other treatments and controls. 
 
Figure 2.1: Percentage of seedlings harvested after seven months that were colonised by (a) 
ectomycorrhizae and (b) arbuscular mycorrhizae. Treatments: QSI - quenda scat inoculant (n = 19), CC - 
contamination control (n = 19), CI - commercial inoculant (n = 19), NC - nutrient control (n = 19), SI - 
sporocarp inoculant (n = 20). 
2.3.2 Growth rate 
Initially, seedlings from all treatments grew fairly rapidly, but this growth appeared to plateau  
a few weeks after germination, with little change in seedling height over the following months 
(Figure 2.2a). Due to this undeniable change in growth rate over the course of the trial, growth 
was analysed separately for different time periods. Growth in the field was also examined 
separately, due to the shift in soil level as a result of the planting. 
There was a significant treatment effect on initial growth rates: the results of the drop in 
deviance test (F4, 1292 = 6.53, P<0.001) indicated that the model with the interaction effect was 
 a. b. 
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a better fit for the data. The significance values associated with this model are: F14, 1292 = 69.44, 
P<0.001, r2 = 0.429. The necessity of the treatment-time interaction indicated that the growth 
rate varied between at least some treatments, after adjusting for the tray that seedlings were 
grown in. A simple growth rate could not be accurately calculated for each treatment, due to 
the curved nature of the data. Instead, significant values from the model and median seedling 
height at seven weeks, were used to illustrate which treatments had significantly different 
rates of growth to the others. The commercial inoculant seedlings grew at the fastest rate 
(42.5 mm after 7 weeks), followed by the quenda scat and nutrient control treatments (34 mm 
and 36 mm respectively - not significantly different), the sporocarp treatment (31.5mm) and 
the contamination control (27 mm). 
There were significant differences in median treatment heights at 7 months (Figure 2.2b, 𝜒24 = 
36.78, P<0.001). The tallest seedlings were from the commercial inoculant and nutrient control 
(56.5 mm and 46.5 mm respectively - not significantly different), followed by the quenda scat 
inoculant and sporocarp treatment (41.5 mm and 40 mm respectively - also not significantly 
different), and the contamination control (33 mm - not significantly different to the sporocarp 
treatment).  
In contrast, there were no significant differences found in the median differences in seedling 
height after one week and five weeks in the field, adjusted for seedling height (Figure 2.2c, 
Table 2.3). Median values in field growth, as a proportion of seedling height, ranged from 0.1 





Figure 2.2: Tuart seedling growth, as shown by (a) average height of treatments over time, in 
greenhouse/glasshouse environment, with grey lines denoting harvest times (b) average treatment height 
at seven months, and (c) average increase in height of tuart seedlings, over four weeks in the field, by 
treatment. Treatments: QSI - quenda scat inoculant, CC - contamination control, CI - commercial inoculant, 
NC - nutrient control, SI - sporocarp inoculant. 
2.3.3 Biomass 
The above-ground biomass of seedlings sampled after 3 months differed significantly between 
treatments (𝜒24 = 17.44, P<0.01, Figure 2.3a). The median biomass of the contamination 
control treatment (8.2 mg) was smaller than those of the commercial inoculant (24.9 mg), 
quenda scat (19.7 mg) and nutrient control (20.7 mg) treatments. The median biomass of the 
sporocarp treatments (16 mg) did not differ significantly from any other treatment. 
a. 
b.  c. 
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After the 7-month harvest, significant differences in above-ground biomass were found again 
between treatments (𝜒24 = 26.16, P<0.001, Figure 2.3b). None of the experimental treatments 
were found to differ significantly from the nutrient control (29 mg). And while the commercial 
and sporocarp inoculants (44 mg and 19.5 mg - significantly different) had greater biomass 
than the contamination control (9 mg), the quenda scat inoculant (18.5 mg) did not differ 
significantly from this control.  
Significant differences were also found in the root biomass of the different treatments, 
harvested after 3 months (𝜒24 = 15.40, P<0.01, Figure 2.3c). The median root mass of the 
contamination control treatment (38.7 mg) was smaller than each of the other treatments, 
none of which differed significantly from each other. The medians of the remaining treatments 
ranged from 177 mg (nutrient control) to 121 mg (quenda scat). 
Significant differences were also found in the root biomass of the tuarts sampled after 7 
months (𝜒24 = 24.34, P<0.001, Figure 2.3d). As with above-ground mass, none of the 
experimental treatments were found to differ significantly from the nutrient control (231 mg). 
And while the commercial and sporocarp inoculants (305 mg and 177 mg - significantly 
different) both had greater biomass than the contamination control (69 mg), the quenda scat 




Figure 2.3: Biomass of treatments (a) dried, above-ground at 3 months, (b) dried, above-ground at 7 
months (omitting an outlying point in the commercial treatment with a value of 358mg), (c) wet, roots at 3 
months and (d) wet, roots at 7 months (omitting an outlying point in the commercial treatment with a value 
of 3040mg). Treatments: QSI - quenda scat inoculant, CC - contamination control, CI - commercial 
inoculant, NC - nutrient control, SI - sporocarp inoculant. 
2.3.4 Nutrient content 
After 6-7 months of growth in a glasshouse environment, there were significant differences in 
the degree of foliar phosphorus deficiency symptoms between treatments (𝜒24= 20.70, 
P<0.001, Figure 2.4a). The quenda scat inoculant (1.2) had significantly lesser symptoms then 
every treatment except the contamination control (1.36). While the commercial inoculant and 
nutrient control had the more severe phosphorus deficiency symptoms (1.69 and 1.7 
respectively - not significantly different). The sporocarp treatment (1.47) did not differ 
significantly from either of the controls, or the commercial treatment (Table 2.3). 
a.  b. 
 c.  d. 
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Significant differences were also found in the visible symptoms of nitrogen deficiency between 
treatments (𝜒24= 34.81, P<0.001, Figure 2.4b). The lowest median degree of nitrogen 
deficiency belonged to the quenda scat treatment (0.51) followed by the nutrient control (1.0) 
and sporocarp treatment (1.29). The contamination control and commercial treatments (1.21 
and 1.26 respectively) did not differ from each other, the nutrient control or sporocarp 
treatments. 
 
Figure 2.4: Extent of visible foliar nutrient deficiency symptoms (scale of 0 [no symptoms] - 2 [severe 
symptoms]) by treatment for (a) phosphorus and (b) nitrogen. Treatments: QSI - quenda scat inoculant, 
CC - contamination control, CI - commercial inoculant, NC - nutrient control, SI - sporocarp inoculant. 
 a. b. 
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2.3.5 Seedling stress (relative photosynthetic rate) 
There were significant treatment effects in median stress levels (FV/FM) in the glasshouse 
environment (𝜒24= 30.98, P<0.001, Figure 2.5a), with significant differences between each 
treatment. The treatment that had the highest median FV/FM values, i.e. lowest stress levels, 
were the quenda scat seedlings (0.711). No significant differences were found between the 
remaining treatments which had medians ranging from 0.669 (nutrient control) to 0.619 
(contamination control). 
Significant differences were seen again after one week in the field (𝜒24= 30.98, P<0.001, Figure 
2.5b). Dunns test found the median FV/FM values for the quenda scat and nutrient control 
treatments (0.709 and 0.716 respectively, not significantly different) to be significantly greater 
than those of the contamination control (0.663), commercial inoculant (0.658) and sporocarp 
inoculant (0.653) treatments, none of which differed significantly from each other. In spite of 
this slight change in treatment differences, there was no significant treatment effect on 
transplant stress (change in FV/FM) (𝜒
2
4= 2.20, P> 0.10). The medians of all five treatments lie 
close to zero (Figure 2.5c), indicating no significant change in stress levels from 
transplantation, or in the way that transplantation affected the stress levels of the different 
treatments.  
Significant differences in median stress levels were still seen after two weeks in the field (𝜒24= 
23.57, P<0.001, Figure 2.5d), with the highest medians still found in the quenda scat and 
nutrient control treatments (0.738 and 0.719 respectively, not significantly different), followed 
by the commercial inoculant (0.716), sporocarp inoculant (0.666) and contamination control 
(0.665, Table 2.3). 
Finally, after four weeks in the field, there were no significant differences in the median stress 
levels between the treatments (𝜒24= 8.46, P>0.05, Figure 2.5e). Median FV/FM values at this 
time ranged from 0.756 (commercial inoculant) to 0.722 (contamination control). On average, 
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the seedlings had FV/FM readings 0.07 higher than they did in the glasshouse environment, 
regardless of treatment (Z=9802, P<0.001, Table 2.3). The median FV/FM value at this time 
(across treatments) was 0.748, which was significantly lower (Z=84, P<0.05) than the median 




Figure 2.5: Photosynthetic rate (FV/FM), by treatment, excluding those found dead (a) in the glasshouse environment, (b) one week after planting in the field, (c) the change in 
photosynthetic rate (FV/FM) before/after planting, (d) two weeks after planting in the field and (e) four weeks after planting in the field. Treatments: QSI - quenda scat inoculant, 
CC - contamination control, CI - commercial inoculant, NC - nutrient control, SI - sporocarp inoculant.





Kaplan-Meier survival curves were produced for each treatment (Figure 2.6) revealed that the 
number of dead seedlings varied between treatments, but the high degree of overlap between 
the different curves suggested these differences may not be significant. A Cox-Mantel log-rank 
test confirmed that treatment type was not associated with any significant differences in 
survival, at any time point (𝜒24 = 6.16, P> 0.10). This test is non-parametric, but assumes that 
the hazard ratio is constant over time. The cox.zph function was used to test this assumption, 
for a 5% significance level, and no violation was found. 
 
Figure 2.6: Kaplan-Meier curves for the survival probability of seedlings after different mycorrhizal 




2.4.1 Mycorrhizal colonisation 
Of the three inoculant treatments, the only one that successfully increased the number of 
tuart seedlings that had either AM or ECM associations, was the inoculant with live (not 
autoclaved) quenda scat. This is not unexpected as passing through a mammals gut has been 
shown to decrease dormancy of some ECM spores and result in increased mycorrhizal 
colonisation (Claridge et al., 1992, Claridge, 2002, Colgan and Claridge, 2002, Johnson, 1996). 
This would seem to be the case with the ECM spores in the quenda scats, as a greater 
proportion of the scat inoculated seedlings had ECM in their roots than those seedlings that 
received ECM spores collected directly from sporocarps. Although the effect of mammalian 
digestion on AM spores has not been widely researched, it would seem that this may also 
increase germination rates, as a greater proportion of the quenda scat seedlings had AM 
association than those treated with the commercial inoculant treatment. It seems unlikely that 
the spores present in the commercial inoculant were not suitable symbionts for the tuart 
seedlings, as one of the species, Glomus intraradices, has previously been used to inoculate 
tuarts (Adjoud et al., 1996). The remaining three also belong to the Glomus genus, other 
members of which have also been used to inoculate eucalypt species (Chen et al., 2000). As 
such, unless the incorporation of the AM fungal spores into the commercial product somehow 
reduced the viability of the spores during the manufacturing process, it would appear that 
passage through a quenda gut increases the germination rates of some AM spores. However, 
further research in this area will need to be conducted before this can be ascertained. 
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Colonisation rates seen in this trial may be lower than those usually seen in tuart seedlings, 
because both AM and ECM mycorrhizae can only associate with actively growing fine roots 
(Brundrett, 2008). The tuart seedlings in the current study went through a period of several 
months where their growth rate (in terms of height) was unusually slow. Furthermore, little 
difference was seen between the median root weight values for three and seven months of 
growth. As the samples used to assess the prevalence of mycorrhizal colonisation in the 
treatments were collected from seedlings sampled in the seven-month harvest, it is possible 
that colonisation rates were less than would otherwise be seen, due to the slow growth rate of 
the seedlings. Colonisation may have also been reduced due the amount of phosphorus in the 
inoculants. Phosphorus comprises at least 1.56% of the commercial product (Simplot Partners, 
2012, Driessen, 2014) and, as such, all of the inoculated seedlings received a minimum of    
3.12 mg slow release phosphorus, in addition to any phosphorus in the scat component of the 
inoculants. This is in excess of the recommended 6 mg P/kg of soil recommended by Brundrett 
et al. (1996) known to optimise ECM colonisation in some Eucalyptus seedlings. Similarly, the 
nitrogen levels in the inoculants were also in excess of the 20 mg N/kg of soil shown to 
optimise ECM colonisation for Eucalyptus seedlings (Brundrett et al., 1996). As nutrient rates in 
excess of these levels have been found to reduce ECM colonisation rates, it is likely that ECM 
colonisation would have been greater in the inoculated seedlings had there been less 
nitrogen/phosphorus in the soil. 
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Originally, it was intended to obtain estimates for the proportion of roots colonised by ECM 
using the gridline intersect method (Brundrett et al., 1996). However, when the roots were 
examined, it became clear that the unique mycorrhizal structures used for identification of 
ECM (e.g. Hartig net) could not be seen with sufficient clarity under the dissection microscope 
that the method called for. Even when using a compound microscope, quantifying the extent 
of colonisation was further confounded by the presence of a large number of unidentified 
endophytes that had also colonised the roots of the seedlings, as they obscured the view of 
some sections of roots. As such, the decision was made to restrict the observations to 
presence/absence of AM and ECM colonisation. Additionally, the roots of the seedlings 
sampled in the 3-month harvest were also meant to be assessed for colonisation rates. 
However, this was not possible due to an error made in the processing methods that rendered 




2.4.2.1 Height  
Initially, the growth rate of the quenda scat seedlings was no different to that of the nutrient 
control seedlings. This indicates that greater rates of AM and ECM colonisation do not impact 
on the growth of tuart seedlings in the first seven weeks after germination. This is consistent 
with the findings of So et al. (2011). Both the commercial and sporocarp treatments differed in 
growth rate from the nutrient control, the former having a faster rate of growth, while the 
latter appeared to grow at a slower rate. This is not what was expected as all three had the 
same nutritional material, and shared a low rate of AM/ECM colonisation. However, it is 
possible that the colonisation rates of the seedlings during the first few weeks of growth 
differed to what was seen after seven months, when colonisation was assessed. In particular, 
this may be the case for the ECM seedlings as their slower growth was consistent with what 
Tay et al. (2018) found for young tuarts with relatively high mycorrhizal colonisation. 
Additionally, it was expected that the seedlings inoculated with only ECM spores would have 
slower growth rates, as these associations are more energetically expensive for the host plant 
than AM associations (Orians and Milewski, 2007). If this was the case, these early ECM 
colonisers did not remain in association with the tuarts as they aged, potentially indicating this  
inoculant may not be suitable for introducing long term mycorrhizal associations. While it is 
also possible that the commercial treatment had higher colonisation rates in the first few 
weeks of the trial, this is less likely, as the increased growth is not what is expected from AM 
colonised tuarts based on the findings of Adjoud et al. (1996). It is more probable that the 
autoclaving process affected components of the commercial product other than the 
mycorrhizae spores (e.g. slow release fertiliser), thus reducing their benefits in the other 
inoculated treatments, including the nutrient control, while remaining effective in the 
commercial treatment, resulting in increased growth. 
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Seedling growth effectively halted in February, across all treatments, at approximately eight 
weeks after germination. This is not considered to be a normal growth pattern for tuarts. 
Changes to environmental conditions were made to try to encourage growth (change of 
location, watering regimes, and fertiliser type), but were met with limited success. It seemed 
that there was another, unknown factor that was impacting on the growth of the seedlings. 
This factor seemed to be limited to the greenhouse/glasshouse environments, as seedling 
growth rate appeared to change once seedlings were planted in the field. Field observations 
indicated seedling growth appeared to resume, for all treatments, shortly after planting in the 
field. This is contrary to what would ordinarily be expected, as factors including transplant 
stress, reduced water and absence of regular fertilisation ought to reduce seedling growth. 
This would suggest that the prolonged pause in seedling growth was not due to a lack of water 
or nutrients. 
There was insufficient evidence to indicate a difference in the growth rates of the different 
treatments, once planted in the field. This may be, in part, due to the unavoidable reduction in 
the accuracy of this measurement. Observations from the field indicated the soil level around 
the seedlings shifted over time, to the point where some smaller seedlings became partially 
buried. It seems likely that shifting soil was the cause of the negative values produced in 
calculating the increase in height after four weeks in the field (hence why these measurements 
were converted to zeros before the data were analysed). Since there was no way to quantify 
the degree to which the soil shifted around the remaining plants, it was not possible to adjust 
the change in height. It is possible that there was in fact a difference in the field growth rate 





As none of the three experimental treatments differed significantly in biomass from each 
other, or the nutrient control, it would appear that mycorrhizal colonisation did not affect 
seedling biomass at three months. Where differences in biomass were seen, it is likely that the 
increased mass resulted from the other non-mycorrhizal components of the inoculants. The 
fact that the sporocarp seedlings were no bigger than those of the contamination control is 
not surprising, since the early growth of these seedlings was reduced compared to the other 
inoculated treatments, as described in section 2.4.2.1.  
The differences in 7-month biomass between the quenda scat treatment, and the nutrient 
control, suggests that the scat treatment may have had its growth slowed by the presence of a 
greater number of mycorrhizae, as Tay et al. (2018) found in a similar trial using quenda scats 
to inoculate tuarts. However, given that these two treatments did not differ in their initial 
growth rate, it appears mycorrhizal colonisation did not impact on the growth of the quenda 
scat seedlings in the first ten weeks after sowing. The sporocarp treatment was also smaller in 
mass than the nutrient control, but given its low colonisation rate, this was likely due to its 
initial slower rate of growth. The difference in above-ground biomass, between treatments, 
were very similar to the differences in height seen between treatments after seven months, 
which is unsurprising as we would expected these measures to be correlated. The factors that 
influenced the growth of the seedlings appeared to promote height, above ground mass, and 
root mass in equal measure (i.e. no treatment favoured root growth over increasing above-
ground mass, or vice versa). 
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2.4.3 Nutrient content 
The only treatment with less severe phosphorus deprivation then the nutrient control was the 
quenda scat treatment, suggesting that greater AM/ECM colonisation does improve 
phosphorus uptake in tuarts. However, neither this or the other three inoculated treatments 
outperformed the contamination control in this measure, suggesting they were just as 
phosphorus-deprived, or even more so, than if they had received no inoculant. This is 
unexpected, as all four inoculants contained nutrients in addition to fungal spores. A potential 
reason for this pattern is that seedling biomass impacted on this measurement, since it was 
observed at the time that the larger seedlings seemed to show greater signs of phosphorus 
deprivation. The results seem to support this as the treatment differences in phosphorus 
deficiency symptoms are fairly similar to the differences in height/biomass at seven months. 
However, biomass does not account for all of the variations in phosphorus deficiency; the 
quenda scat and sporocarp treatments, for example, did not differ in height or above-ground 
biomass around this time, yet the sporocarp treatment showed more severe phosphorus 
deficiency symptoms. So, while height/biomass may have played a role, mycorrhizal 
colonisation also appeared to influence the extent of the foliar phosphorus deprivation 
symptoms exhibited by the tuart seedlings. 
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The quenda scat seedlings were the only treatment to show significantly fewer signs of 
nitrogen deprivation than both control treatments. Indicating, that the higher AM/ECM 
colonisation rates also resulted in increased nitrogen uptake. Unlike phosphorus uptake, it 
seems that the inoculant material, even without active mycorrhizae spores, did reduce the 
external signs of nitrogen deprivation in the seedlings; as the nutrient control treatment had a 
lesser mean score than the contamination control. However, it is unclear why the commercial 
and sporocarp treatments both had more severe signs of nitrogen deprivation then the 
nutrient control. It could potentially be a result of the fact that that autoclaving has been 
reported to impact on the nutrient content of organic material such as soil (Jager et al., 1969). 
As such the inoculated treatments may have differed slightly in the amount of nutrients 
initially present in their inoculums. 
The high numbers of plants showing signs of either nitrogen or phosphorus deficiency was 
unexpected, given that the seedlings were regularly fertilised: first with Seasol - a fertiliser 
used to grow tuart seedlings commercially (MOTT Rockingham 2017, personal 
communication), then with a different formula designed specifically for Eucalyptus seedlings 
(Appendix 1). It is possible that there was some other factor at play that reduced the nutrient-




The medians of every treatment are well below what the manufacturer of the chlorophyll 
fluorescence device claim is an average FV/FM rate for unstressed plants: 0.85 (Hansatech 
Instruments Ltd, 2006). This is not what was expected from plants in a glasshouse environment 
being regularly watered, fertilised, and protected from herbivory. It seems there was some 
unknown factor in the glasshouse environment that was stressing the seedlings. As the quenda 
scat treatment was less stressed than the others in this environment, it would appear that 
they were less impacted by this factor than the other seedlings. 
The effect that transplantation had on the FV/FM rates of tuart seedlings varied widely between 
individuals. A number of individuals had their FV/FM rate either increase or decrease, by 0.2 or 
more. This represents a fairly dramatic change in the stress levels of these individuals. 
However, the same graph indicates that, on average, it seems the seedlings did not have their 
FV/FM rates altered by being moved to a field environment. 
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Although significant differences were seen in stress levels one week after planting in the field, 
a test of the difference between the seedlings pre and post-planting FV/FM rates found no 
significant change. This indicates that mycorrhizal colonisation did not impact on any 
transplant-induced stress experienced by the tuarts, or if it did, the difference was too 
small/brief to be seen a week after the transplanting event. It is likely that the differences in 
stress that are seen after a week in the field were a consequence of certain treatments having 
different average FV/FM rates before being planted in the field. Treatment stress levels 
continued to change in the field, with differences between median values eventually 
disappearing after four weeks. This may indicate that mycorrhizal colonisation doesn't impact 
the stress levels of tuart seedlings either in a field environment, or in the absence of a stress 
factor. The fact that seedlings were still experiencing greater stress than the mature tuarts at 
the field site may indicate that they were still under some stress - possibly still recovering from 
the undetermined stressor in the glasshouse. Although, it may be the case that the difference 
was due to the sizable age gap between the planted seedlings and the older trees.  
These results reiterate the important distinction between plant growth and health. Although 
the commercial treatment seedlings undeniably had the greatest biomass, the smaller quenda 
scat seedlings that out-performed them in terms of the health measures: stress and nutrient 
uptake. Other studies have also found a disconnect between plant growth and health (Jones 
and Smith, 2004). When preparing plants for restoration projects, it is worth considering 
whether it is more desirable to prioritise the growth or health of the plants, as the two will not 
necessarily be correlated. 
It should be noted that a number of seedlings showed signs of damage from the leaf clips used 
to take the fluorescence readings. This included leaves that were folded or crushed, as well as 
bent or snapped stems. This was a result of plants being so small that either the weight of the 
clips forced the stem to bend, or the clip clamped shut on nearby leaves. To avoid such 
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damage, other users would be advised to refrain from using a PEA device on plants with leaves 
smaller than 1 cm2, and where possible clips should be positioned so that their weight will not 
bend the stem of the plant.  
2.4.5 Survival 
As the quenda scat treatment did not differ significantly from other treatments in terms of 
survival, it appears that mycorrhizal colonisation did not impact tuart seedling survival. 
However, this could be due to too few of the seedlings dying to be able to see a treatment 
difference. Furthermore, as some seedlings died in the last week they were monitored, 
observations may have stopped too soon to see a treatment difference. Further research is 
needed before the effect of AM and ECM colonisation on the survival of glasshouse-raised 
tuart seedlings can be determined.  
2.4.6 Unknown stress factor 
A number of the results indicated that an undetermined factor caused reduced growth, poor 
nutrient uptake and elevated stress in the tuart seedlings, regardless of treatment. 
Observations indicated that seedling growth appeared to resume within five weeks of being 
planted in the field. This strongly suggests the cause of the reduced growth was limited to the 
glasshouse environment. Fluorescence measurements also supported this, as readings were 
significantly lesser in the glasshouse environment than they were after four weeks in the field, 
across all treatments. This seems to indicate that whatever was slowing seedling growth was 
also stressing the seedlings to the point that their photosynthetic activity was affected. It also 
seems likely that this unknown factor was the reason that six seedlings, from various 
treatments, died while in either the greenhouse or glasshouse. None of these seedlings were 
observed to have external signs of stress or damage prior to their death. Furthermore, it was 
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noted that all of them died in exactly the same manner: leaves shrivelled and lost colour, the 
seedling then dried from the apical bud down (Appendix 2, Figure 2.8). 
Glasshouse FV/FM readings indicated the quenda scat seedlings were less stressed by the 
unknown factor than any other treatment, potentially indicating that greater mycorrhizal 
colonisation helped these seedlings to cope with the stress factor. However, it should be noted 
that an argument could be made that the commercial treatment initially dealt best with the 
unknown stress factor. This treatment was the only one to have a greater rate of growth than 
the nutrient control in the first ten weeks of the trial.  
A possible explanation for the lower FV/FM readings, and suspension in seedling growth is that 
toxins were present in the soil. In particular, it was thought that phenols could have been 
released from organic matter in the potting mix during the steam-pasteurising process that 
took place before seeds were planted. This possibility was tested by germinating root 
vegetable seeds in either (a) filter paper soaked with deionised (DI) water, (b) filter paper 
soaked with water poured through soil from a harvested pot, and (c) soil from a harvested pot. 
A total of thirty replicates were set up; ten with DI water, and twenty with either water or soil 
collected from ten different pots in the 7-month harvest (two pots per treatment). No visible 
differences in germination or the following two weeks of growth were seen between the 
soil/water seedlings and those germinated in deionised water. Nor were any differences seen 
between the soil/water seedlings from different experimental treatments. It is possible, 
though, that this test failed to reveal the presence of phenols (or other toxins present) and as 
such we cannot say for certain whether soil toxicity was the cause of the suspended 
growth/increased stress of the tuart seedlings. 
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In spite of this outcome, soil toxicity does seem to be the most likely explanation for the 
reduced growth and photosynthesis rates observed. It was one of the only factors that 
impacted every seedling, and remained constant from germination up until planting in the 
field. (Location and watering/fertilising regimes all changed during the shadehouse/glasshouse 
stage of the trial). Furthermore, the methods used for growing the tuart seedlings were very 
similar to a pilot trial that did not experience the same plateau of seedling growth (Tay et al., 
2018). A key difference was that the pilot trial used a sand-based medium, rather than an 
organic potting mix for growing their tuarts (Tay et al., 2018). Organic compounds, including 
phenols, can be released from organic matter in soil through autoclaving, leading to 
phytotoxicity (Jager et al., 1969). A sand-based medium would not be subject to this effect, 
whereas an organic mix would. This could potentially explain why the quenda scat seedlings 
were the least stressed in the glasshouse environment. Certain fungi, including members of 
both ECM groups (Basidiomycetes and Ascomycetes) have been credited with releasing 
extracellular enzymes that degrade phenols in surrounding soils (Min et al., 2015). As such, the 
greater colonisation rates seen in this treatment may have reduced the impact of nearby 
phenolic compounds. Toxins in the soil would have likely impacted the nutrient uptake of the 
seedlings, which may explain why many exhibited signs of nutrient deprivation in spite of 
regular fertiliser applications. It is possible that by the time soil/water was collected from a 
sample of pots in the 7-month harvest, that the majority of toxins had been flushed out during 
watering. This would explain why the seeds germinated in the collected soil/water were able 
to grow without displaying any adverse effects. However, other explanations are still possible; 
for example, the seedlings could have been infected with a pathogen that flourished in the 
glasshouse environment, but functioned poorly once in the field.  
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2.5 Conclusions and recommendations 
The inoculant with live spores from quenda scats was the only one that was successful in 
introducing AM or ECM associations to tuart seedlings. This is of particular importance for 
tuarts that are grown for restoration, as low ECM colonisation has been linked with tuart 
decline (Ishaq et al., 2013, Ishaq et al., 2018, Scott et al., 2013a). The fact that these seedlings 
also had the least nitrogen deprivation symptoms has implications for restoration, as tuart 
decline as been linked to nutrient deprivation, and tuarts have had their symptoms of decline 
reversed with nutrient applications (Dell et al., 2006a, Scott et al., 2013a). Restoration projects 
should aim to plant tuarts with greater nutrient uptake capabilities, to reduce their 
susceptibility to tuart decline. Finally, the fact that the quenda scat seedlings were the least 
stressed treatment in the glasshouse potentially indicates that mycorrhizae help tuarts to cope 
with soil toxicity. However, this is something that will need to be confirmed with further 
research.  
The fact that quenda scats were more effective at introducing ECM associations than the 
sporocarp spores highlights the role of quenda, not just in the dispersal of mycorrhizae, but in 
breaking spore dormancy. Consequently, the presence of quenda may be important for tuart 
woodlands, as well as other ecosystems with a high dependence for mycorrhizae. 
Furthermore, if the absence of ECM fungi is shown to be one of the causes of tuart decline, it 
may, in turn, be linked to the dwindling numbers of mycophagous mammals, including 
quenda, in Australia. It may be worth considering the presence of quenda when choosing sites 
for tuart restoration planting, or when preserving existing tuart woodlands.  
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Although the commercial product did not increase seedling mycorrhizal associations, it did 
increase tuart height and biomass. Furthermore, while seedlings in this treatment did not 
perform well in terms of stress, and nutrient uptake, both factors are thought to have been 
impacted by the theorised soil toxicity. Hence, the exact results of this trial might not be seen 
in other circumstances. So, while this product is not effective at introducing mycorrhizal 
associations to tuart seedlings, in circumstances where fast growth is desired, this product, or 
one similar, could be beneficial.  
The use of sporocarp spores was not effective at either introducing mycorrhizal associations to 
tuart seedlings, or improving either their growth or health. The initial low growth rate of the 
sporocarp treatment may have been suggestive of a high rate of ECM colonisation (Tay et al., 
2018). However if this was the case, those associations did not persist, as after seven months 
of growth the proportion of plants that had either AM or ECM associations was no different to 
the controls. The use of ECM sporocarp spores to introduce mycorrhizae would not be advised 
for the purposes of tuart restoration. 
There is a clear benefit to planting tuart seeds in soil with a nutritional inoculant, given that 
the nutrient control seedlings performed better than the contamination control seedlings in 
terms of glasshouse growth, 3 and 7-month biomass, foliar nitrogen deficiency symptoms, and 
glasshouse stress. The contamination control only outperformed the nutrient control in one 
aspect: foliar phosphorus deficiency symptoms. This is suspected to be due to the differences 
in the height/biomass of these treatments, and the increased nutrient demand that we would 
expect to accompany greater biomass. Even without the presence of mycorrhizae, having 




Based on the findings of this trial, it is recommended that tuart seedlings grown for restoration 
projects are inoculated with quenda scats collected from eucalypt woodlands. It would also be 
beneficial, in terms of growth, for the inoculant to contain nutritional material. However, it is 
worth noting that other trials have found that high levels of phosphorus and nitrogen can 
discourage the formation of mycorrhizal associations with tuarts, particularly ECM (Bougher et 
al., 1990, Brundrett et al., 1996). Such findings should be considered when nutritional 
components are being included in inoculants.  
2.5.1 Further research 
A number of areas related to this topic would benefit from further research: 
This trial ought to be replicated to determine whether the findings are similar in the absence 
of the suspected soil toxicity that slowed growth and elevated stress in the tuart seedlings. A 
more objective methodology should also be used to obtain better estimates of tuart nutrient 
uptake. Additionally, where possible, a greater proportion of the tuart seedlings should be 
harvested and have their AM/ECM colonisation rates assessed. Colonisation rates should then 
be directly compared to other factors, such as height and nutrient uptake, to better 
understand the effects of mycorrhizal colonisation on tuarts. 
The tuart seedlings planted in the field as part of this trial will continue to be monitored, and 
further harvests conducted to determine whether the introduced mycorrhizae persist in the 
field environment. Root samples from those seedlings that have already been harvested will 
also be subject to genetic sequencing to identify the types of mycorrhizae that formed 
associations with the tuart seedlings. 
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Tuarts with a range of different ECM colonisation rates should be introduced to Phytophthora 
multivora to determine whether ECM do offer tuart hosts protection against the pathogen, as 
has been previously theorised by other researchers (Ishaq, 2014, Scott et al., 2013a). The 
outcome of this research would be crucial to inform tuart restoration efforts, as this pathogen 
has been linked with tuart decline (Scott et al., 2013b). 
Conclusive data is also needed on whether steam-pasteurising highly organic soil can lead to 
the release of phytotoxic compounds. This is imperative, as this process is a commonplace 
method of soil sterilisation (Wolf and Skipper, 1994), which is why it was used in this trial. 
Researchers would be advised to exercise caution when steam-pasteurising soil containing a 
high proportion of organic matter. Pasteurising should be carried out for a shorter duration in 
these circumstances, e.g. 30-60 minutes at 65oC (G Hardy 2018, personal communication). 
Alternative soil sterilisation methods, such as gamma radiation (Thompson, 1990), are also 
worth considering.  
2.5.2 Conclusion 
Tuart trees face a number of biotic and abiotic threats in the small range they occupy. A lack of 
mycorrhizal associations have been associated with their decline, and mycorrhizae are thought 
to combat some of the other causes, including reduced water and nutrient availability. This 
study showed that inoculating tuart seedlings with quenda scats can successfully introduce AM 
and ECM associations to their roots. The treatment inoculated with live scats also exhibited 
greater nitrogen uptake and stress tolerance then other treatments. Both of these traits would 
be desirable in tuarts intended for restoration planting, particularly in sites that have already 
experienced tuart decline. These findings indicate the benefits of inoculating tuart seedlings 
with quenda scats, and highlight the importance of the role quenda play in the distribution and 
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Appendix One - Nutrient fertiliser solution 
for Eucalypts  
Table 2.4: N2P2 nutrient solution for Eucalypts, from W Dunstan (unpublished data), original formula by T 
Crove.  
Nutrient Source Name Formula Final Concentration (mgL
-1
) 
Calcium chloride dihydrate CaCl2 * 2H2O 37 
Potassium chloride KCl 19 
Magnesium sulfate heptahydrate MgSO4 * 7H2O 123 
Potassium dihydrogen phosphate 

















MnCl2 * 4H2O 
ZnCl2 















Fe-EDTA (Monoferric Edetate) C10H13FeN2O8 8 





Appendix Two - Seedling photos 
 
 
Figure 2.7: Examples of seedlings displaying foliar nutrient deficiency symptoms: top left - no symptoms, 




Figure 2.8: Examples of two different seedlings that died in the glasshouse phase of the trial (a) within a 






Appendix Three - plant map of field site 
Plot 1                                             Plot 2                                             Plot 3                                             Plot 4                                             Plot 5 
1 1 3  19 13   34 41   45 49   70 63 66 
2 8 2  20 16   35 42   46 50   72 64 67 
3 9 6  21 19   36 43   53 51   74 67 68 
4 13 7  23 20   37 44   54 52   75 70 69 
6 10 8  25 21   38 45   55 54   76 72 80 
7 16 11  26 22   39 46   59 55   77 75 70 
10 19 5  27 24   44 47   62 58   78 78 71 
15 23 15  28 25   45 50   65 59   79 77 77 
                   
1 1   24 18 16  27 36 32  51 49 50  64 65  
7 4   25 21 30  30 37 34  52 52 54  60 68  
10 7   26 23 28  33 38 35  57 53 56  65 69  
11 8   28 30 31  35 39 37  58 56 58  67 71  
13 9   30 37 32  37 44 40  60 58 60  68 72  
14 10   31 38 33  38 46 45  61 59 62  69 75  
15 11   32 34 34  39 48 46  62 60 63  70 78  
16 12   33 40 35  41 47 47  64 61 64  79 79  
 
Sporocarp inoculant Nutrient control Quenda scat inoculant Contamination control Commercial inoculant 
 
